Does the degree of cyanosis affect myocardial adenosine triphosphate levels and function in children undergoing surgical procedures for congenital heart disease?  by Najm, Hani K. et al.
515
death. The presence of severe hypoxia has been identi-
fied to be deleterious to the cardiac metabolic profile in
animals.1 In human beings the effects of cyanosis on
D espite the advances in cardiac surgical proceduresthere are still subgroups of children who are identi-
fied to be at a higher risk of perioperative morbidity and
Objective: The outcome of children with cyanosis after cardiac surgical
procedures is inferior to that of children who are acyanotic. Animal
studies indicated detrimental effects of chronic hypoxia on myocardial
metabolism and function. We studied whether the presence or the
degree of cyanosis adversely affected myocardial adenosine triphos-
phate, ventricular function, and clinical outcome in children. Methods:
Forty-eight children who underwent repair of tetralogy of Fallot were
divided according to their preoperative saturation: group I, 90% to
100% (n = 14 patients); group II, 80% to 89% (n = 16 patients); and
group III, 65% to 79% (n = 18 patients). Adenosine triphosphate was
measured from right ventricular biopsy specimens taken before
ischemia, at 15 minutes of ischemia, at end-ischemia, and at 15 minutes
of reperfusion. Ejection fraction was measured by echocardiography.
Results: Even before surgical ischemia, compared with groups I and II,
group III had lower preoperative ejection fraction (59% ± 2.9% vs 67%
± 1.7% and 68% ± 1.0%; P < .01) and lower preischemic adenosine
triphosphate levels (15.1 ± 2.1 vs 19.1 ± 1.9 and 21.4 ± 1.5 µmol/g dry
weight; P < .01). After 15 minutes of ischemia, group III had lower
adenosine triphosphate levels (11.2 ± 1.8 vs 14.77 ± 2.3 and 17.6 ± 3.1
µmol/g dry weight; P < .01). With reperfusion, both cyanotic groups lost
further adenosine triphosphate compared with partial recovery in the
acyanotic group (–22% ± 3.8%, –20% ± 3.1% vs +18% ± 1.8%; P < .01).
Children in group III had a more complicated postoperative course as
evidenced by longer ventilatory support (85 ± 25 hours vs 31 ± 15 and
40 ± 21 hours; P = .07), inotropic support (86 ± 23 hours vs 38 ± 12 and
36 ± 4 hours; P < .01), and intensive care unit stay (160 ± 35 hours vs 60
± 10 and 82 ± 18 hours; P = .02). Conclusions: The degree of cyanosis
adversely affects myocardial adenosine triphosphate, function, and clin-
ical outcome of children who undergo cardiac operation. Children with
cyanosis should be identified as a higher risk group that could be tar-
geted for supportive interventions. (J Thorac Cardiovasc Surg
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myocardial metabolism have not been well established.
If in children, as seen in animals, chronic exposure to
low oxygen tension (PO2) is deleterious to myocardial
function,2 then the identification of children at higher risk
who are undergoing cardiac surgical procedures allows
for better allocation of hospital resources, improved out-
come, and substantially reduced hospital costs.3
The question remains whether the degree of cyanosis
unfavorably changes the myocardial metabolism of
children who undergo cardiac surgical procedures even
before surgically induced ischemia and whether the
inevitable myocardial ischemia and reperfusion, occur-
ring during open cardiac operations, would further
increase this derangement.
This prospective observational study was designed to
examine the effects of the degree of cyanosis on
myocardial adenosine triphosphate levels (ATP) at base-
line, at ischemia, and at reperfusion. In addition the
association between the metabolic derangement, ven-
tricular function, and clinical outcome were examined.
Subjects and methods
Patients. This study was approved by the medical ethics
committee at the Hospital for Sick Children, Toronto,
Canada. A parental informed consent was obtained in all chil-
dren who were recruited in this study. Forty-eight consecutive
children with tetralogy of Fallot (TOF) were enrolled
between January 1997 and April 1998. Children with dia-
betes, children born to a diabetic mother undergoing repair in
the neonatal period, or children who were undergoing emer-
gency operations were excluded from this study. The exclu-
sion was based on the possibility that altered carbohydrate
metabolism present in patients with diabetes may influence
glycolytic pathways and therefore may affect myocardial
energy stores (eg, ATP). 
Preoperative details. The overall median age was 378
days (25th and 75th percentile: range, 76-819 days). Twenty-
five children were male. The mean preoperative weight was
9.3 ± 4.1 kg, and the preoperative hemoglobin level was
136.3 ± 19 g/L. None of the children had a preoperative pal-
liative procedure, except 1 child with pulmonary atresia who
underwent a right ventricular outflow tract reconstruction
before repair. 
Operative details. All children underwent the usual car-
diac anesthesia. Standard cardiopulmonary bypass was initi-
ated, with aortic and bicaval cannulation initially at normo-
thermia, after which the child’s body was cooled to moderate
hypothermia during the operation. After stabilization, an aor-
tic crossclamp was applied, and 30 mL/kg cold blood cardio-
plegic solution was delivered to the heart by way of the aor-
tic root to effect cardiac arrest, which was maintained by
subsequent doses of cardioplegic solution every 20 minutes.
After the right atrium was opened and the anatomy was veri-
fied, the ventricular septal defect was closed with a Dacron
patch followed by atrial septal defect closure. The right ven-
tricular outflow tract was enlarged by muscle resection alone
in 21 patients (44%) and by muscle resection with a transan-
nular patch in 27 patients (56%). The heart was then closed,
and the child was brought to normothermia and weaned from
cardiopulmonary bypass. Modified ultrafiltration was per-
formed in children with a body weight of less than 15 kg. 
Myocardial metabolic assessment. To determine changes
in myocardial metabolism, right ventricular myocardial biop-
sy specimens were taken as detailed in Fig 1. Biopsy speci-
mens were taken at 4 intervals: baseline or control (immedi-
ately after initial cardioplegia), at 15 minutes of ischemia, at
end-ischemia, and at 15 minutes of reperfusion. The concen-
tration of ATP (micromoles per gram of dry weight) was
determined by high-performance liquid chromatography with
the method of Smolenski and colleagues.4
Assessment of myocardial function. All children under-
went a preoperative transthoracic echocardiogram within 1
week before the operation to assess ventricular function. A
transesophageal echocardiogram was performed in the oper-
ating room after the intracardiac repair and the patient was
weaned from cardiopulmonary bypass (CPB). A third
Fig 1. Myocardial biopsy protocol. Biopsy (1), baseline or control; Biopsy (2), 15 minutes of ischemia; Biopsy
(3), end-ischemia; and Biopsy (4), 15 minutes of reperfusion.
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transthoracic echocardiogram was performed within postop-
erative week 1 to further evaluate ventricular function. 
To standardize the preoperative, intraoperative, and postop-
erative assessment of these children, the echocardiographic
studies were evaluated by one person and included an assess-
ment of the systolic function by ejection fraction (EF).5
Assessment of outcome. Because of the ever-decreasing
mortality rate of repair of TOF, which is currently less than
2% at the Hospital for Sick Children in Toronto (unpublished
data) and in other centers,6 other clinical outcome variables
were examined. These included the length of inotropic and
ventilatory support and the length of intensive care unit (ICU)
and hospital stay. In addition, the prevalence of in-hospital
complications was compared in the different groups. 
Data acquisition. This was a prospective study design. All
perioperative clinical and biochemical data were collected in
a blinded fashion. Preoperative, operative, and postoperative
variables were collected prospectively. 
Data analysis. To identify the effects of cyanosis on the
outcome of interest, children were allocated into three sub-
groups, depending on their aortic oxygen saturation as deter-
mined by the preoperative cardiac catheterization: acyanotic,
90% to 100%; mildly cyanotic, 80% to 89%; moderately to
severely cyanotic, 65% to 79%. These divisions were created
because an arterial oxygen saturation above 90% would be
considered acyanotic or normal, whereas saturations below
80% are clearly significant cyanosis. Saturations between
80% and 89% were grouped together as the intermediate
group. This facilitated the presentation and analysis of the
clinical outcomes.
Statistical methods. Data are expressed as mean ± standard
error of mean except if descriptive, where standard deviation
is used. Differences in continuous variables between the dif-
ferent groups were assessed with analysis of variance and the
Tukey post hoc test was performed for significant analyses of
variance. Linear regression was used to determine the correla-
tion between saturation and ATP, and multiple regression was
used to delineate the relative contribution of different vari-
ables. Difference in proportions was tested with the χ2 test.
Results
Forty-eight children were recruited for this study and
allocated to the three previously described subgroups
on the basis of their preoperative saturation. Table I
details the characteristics of these subgroups. As
expected, preoperative saturation, hemoglobin, and
hematocrit were statistically different between the
groups. Although the total CPB time was longer in
group III, the ischemic time was comparable. Although
all children underwent ventilation, the pre-CPB PO2
was lower in group III. 
ATP. The level of myocardial ATP at baseline was
significantly lower in groups II and III as compared
with group I (P < .01; Fig 2, A). There was a graded
Table I. Clinical characteristics of all children classified by degree of cyanosis
Group
Characteristics I II III P value
Patients (n) 14 16 18
Preoperative
Median age (d) 385 366 299
1st and 3rd quartiles (d) 215-819 265-464 76-660
Age range (d) 56-1725 88-1906 1-3308
Weight (kg) 10 ± 3.9 8.6 ± 3.5 9.3 ± 6.2 .7
BSA (m2) 0.46 ± 0.09 0.42 ± 0.10 0.42 ± 0.17 .6
Saturation (%) 94.7 ± 2.5 85.1 ± 2.8* 75.8 ± 2.7*† <.01
Hemoglobin (g/L) 124 ± 20 126 ± 13 146 ± 21*† <.01
Hematocrit (%) 36 ± 6.1 37 ± 4.4 42 ± 5.8*† <.01
Operative
Lowest body temperature (°C) 29.7 ± 3.1 28.9 ± 2.5 27.8 ± 3.5 .2
Ischemic time (min) 59 ± 11 62 ± 12 61 ± 27 .9
Total CPB time (min) 122 ± 30 127 ± 50 165 ± 52*† <.01
Prebypass PaO2‡ (mm Hg) 134 ± 68 142 ± 86 79 ± 37† .02
Transannular patch (%) 21 38 44 .4
PaO2 during bypass (mm Hg)
Onset of ischemia 197 ± 98 177 ± 80 182 ± 74 .8
End-ischemia 189 ± 55 173 ± 54 177 ± 54 .7
Reperfusion 192 ± 38 184 ± 67 177 ± 46 .7
BSA, Body surface area; PaO2, partial pressure of arterial oxygen. 
*Statistical difference compared with group I. 
†Statistical difference compared with group II. 
‡Prebypass PaO2; the child is anesthetized and has undergone ventilation. 
518 Najm et al The Journal of Thoracic and
Cardiovascular Surgery
March 2000
response to the degree of cyanosis with group II, which
had a mild effect on the baseline ATP level, and a mod-
erate response in group III. There was a significant pos-
itive correlation between the preoperative saturation
level and the baseline ATP level (r = 0.65; P < .01). 
At 15 minutes of ischemia, group III continued to
have depressed ATP levels as compared with the other
groups (P < .01; Fig 2, B). The graded response still
existed among the groups. There was a significant pos-
itive correlation between the preoperative saturation
and the 15-minute ischemia levels of ATP (r = 0.47; P
< .01).
To determine the percentage loss of ATP during the
initial ischemia, the difference between baseline and 15
minutes was calculated and expressed as a percentage
of the baseline value. All three groups had lost a signif-
icant percentage (P < .01) of their initial ATP level by
15 minutes of ischemia (group I, 18%; group II, 28%;
group III, 35%). Again there was a graded response to
cyanosis with a progressive increase in the loss of base-
line ATP with decreasing saturation. The difference
between the groups at 15 minutes did not reach statis-
tical significance when analysis of variance was used
(P = .29). However, by linear regression (percent
change treated as a continuous variable), there was a
significant negative correlation between preoperative
saturation and the percentage loss of ATP from baseline
(r = 0.30; P = .04).
ATP at end-ischemia was statistically lower in group
III compared with the other two groups (P = .05; Fig 2,
C). By linear regression there was a statistically signif-
icant positive correlation between saturation and ATP
Fig 2. Myocardial ATP levels at different time intervals. (A) Baseline, (B) 15 minutes of ischemia, (C) end-
ischemia, and (D) 15 minutes of reperfusion in groups I, II, and III. *Significance versus group I. †Significance
versus group II. 
A B
C D
The Journal of Thoracic and
Cardiovascular Surgery
Volume 119, Number 3
Najm et al 519
level at end-ischemia (r = 0.33; P = .02). After 15 min-
utes of reperfusion the ATP level in both cyanotic
groups (groups II and III) was lower than the acyanot-
ic group (group I; P < .01; Fig 2, D). In addition there
was a positive correlation between preoperative satura-
tion level and the ATP level after 15 minutes of reper-
fusion (r = 0.48; P < .01).
To determine whether there was a net recovery or
loss of ATP after 15 minutes of reperfusion, the differ-
ence between end-ischemia and the 15-minute reperfu-
sion levels was calculated and expressed as the per-
centage of either further loss or recovery of ATP. Both
cyanotic groups (groups II and III) showed further loss-
es of ATP (20% and 23%, respectively) with 15 min-
utes of reperfusion as compared with a net recovery of
18% in the acyanotic group (P < .01; Fig 3).
With the use of multivariate analysis (Tables II and
III) at baseline, preoperative saturation continued to be
highly predictive of ATP levels. By 15 minutes of
ischemia and at end-ischemia, this association was lost.
ATP levels at end-ischemia predicted the values after
15 minutes of reperfusion.
Ventricular function differences. Preoperative
echocardiography showed a lower EF in group III
(59% ± 2.9%) when compared with both the other
groups (67% ± 1.7% and 68% ± 1.0% for groups I and
II, respectively; P < .01). The intraoperative echocar-
diogram showed both cyanotic groups had lower EFs
(57% ± 3.6% for group II and 63% ± 1.8% for group
III) than the acyanotic group (68% ± 0.9%; P = .02).
Postoperative EFs had a similar pattern (group I, 67%
± 3.1%; group II, 63% ± 0.8%; and group III, 60% ±
1.0%; P = .01) with worse ventricular function in group
III (Fig 4). 
Clinical outcome. There were no deaths in the series
of children enrolled in this study. The postoperative
oxygen saturation was above 90% in all children.
Cyanotic children in group III experienced longer
inotropic and ventilatory support when compared with
children in groups I and II (P < .01 and .07, respective-
ly; Fig 5, A and B). A similar pattern was seen with ICU
stay, which was prolonged in the most severely cyanot-
ic group (group III; P = .02). Hospital stay was longer
in the cyanotic group but did not reach statistical sig-
nificance (P = .3). In the multivariate analysis, preop-
erative EF (coefficient, 0.403; standard error (SE),
0.160; P = .01) and total pump time (coefficient, 0.823;
SE, 0.345; P = .02) were predictors of longer postoper-
ative inotropic support, although baseline ATP predict-
ed length of ICU and hospital stay (coefficient, 0.695;
SE, 0.311; P = .001; and coefficient, 0.704; SE, 0.326;
P = .04, respectively).
The prevalence of complications (defined as arrhyth-
mia, infections, renal failure, low cardiac output syn-
drome, and other) in group I was 21% as compared
with 43% for group II and 50% for group III (P = .26).
Table IV lists the details of complications. 
Discussion
This study demonstrated the deleterious effects of
cyanosis on preoperative ventricular function and base-
line ATP levels and its adverse effects on ATP levels
during early ischemia and reperfusion. In addition, this
study demonstrated an association of cyanosis with
worse postoperative ventricular function and a more
complex postoperative hospital course.
Progress in pediatric cardiac surgery in the past cou-
ple of decades, in general, has made a tremendous
impact on outcome. The mortality rate of simple and
complex defect repair has decreased,7,8 and previously
nonoperable defects such as hypoplastic left heart syn-
drome have become operable.9,10 There are still some
subsets of children who are undergoing cardiac surgery
who would have either a prolonged or complicated
postoperative course. Despite improvements in mortal-
ity rates, attention should be directed to specific “high-
risk” groups, such as children with congestive heart
failure or, as seen in this study, children with severe
cyanosis.
The high-energy phosphate bond of ATP serves as
the main energy source for myocardial contraction.11
Levels of ATP relate closely to myocardial function
before, during, and after periods of ischemia.12
Fig 3. Percent recovery of ATP from end-ischemia to 15 min-
utes of reperfusion. *Significance versus group I.
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Likewise interventions that replenish ATP levels after
ischemia have been demonstrated to improve myocar-
dial functional recovery after ischemia.13 In a canine
model, Silverman and colleagues2 created a chronic
hypoxia model by anastomosing the left atrium to the
pulmonary artery. This study showed no baseline ade-
nine nucleotide differences in hearts of cyanotic versus
the acyanotic animals. Nevertheless, there was a
decrease in right and left ventricular EF at baseline in
the cyanotic animals. After 60 minutes of myocardial
ischemia, the cyanotic group showed accelerated deple-
tion of high-energy phosphates; and with 60 minutes of
reperfusion, these hearts failed to recover the lost ATP.
In the current clinical study, in contrast to Silverman
and colleagues, the hearts of children with cyanosis
clearly had lower ATP levels at baseline together with
reduced ventricular function, whereas the findings dur-
ing ischemia and at reperfusion agree with data of
Silverman and colleagues. The conflicting results seen
at baseline between the current clinical study and the
animal model of Silverman and colleagues may be due
to the fact that children with cyanotic congenital heart
disease have been cyanotic since birth and have never
been exposed to normoxia. There may be a persistence
of the hypoxic fetal environment after birth until the
day of operation, which may inhibit or delay metabolic
maturation of these children. On the other hand, all
chronic hypoxia animal models, at the present time,
examine the effects of introduction of hypoxia for a
certain period of time to a previously normoxic animal.
This animal will have had a period of maturation or
adaptation to the higher oxygen environment. The
impact of normoxic exposure for a period of time
before chronic hypoxia has not, as yet, been clarified;
therefore interpretation of animal data14 using such
models should be done with caution. 
Previous studies indicated that an ATP reduction of
30% to 40% is certainly compatible with cellular sur-
vival in early ischemia and in the postischemic recov-
ery phase, but it does affect cellular function.15 It is not
until ATP levels are between 2 and 4 µmol/g dry weight
that complete metabolic and functional recovery is
unlikely.15 None of the children in this study experi-
enced a drop of their ATP to this level, which would
suggest that metabolic recovery is expected in these
children. However, with 15 minutes of reperfusion, the
best recovery of ATP level as a percentage of baseline
value was in the acyanotic group in which 70% of the
baseline ATP was restored compared with only 47% to
59% in the cyanotic groups.
During the reperfusion period after both 1- and 2-
hour periods of hypothermic cardioplegic arrest,
Engelman and colleagues16 showed, in mature acyanot-
ic pig hearts, a trend to decreasing ATP content. Other
investigators have either confirmed continued depletion
of ATP during early reperfusion2,16,17 or restoration of
ATP levels immediately after reperfusion both in
immature18 and mature hearts.19 In the current study,
there was a further loss of ATP from end-ischemia to 15
minutes of reperfusion in hearts of children with
Table II. Multivariate analysis for ATP (additional variables were added to the model as appropriate) 
Baseline ATP level Fifteen-minute ischemia ATP level
Variable Coefficient SE P value Coefficient SE P value
Age 0.232 0.127 .8 0.124 0.127 .3
Preoperative saturation 0.592 0.131 <.01 0.240 0.160 .1
Preoperative EF 0.011 0.140 .1 0.027 0.135 .8
Baseline ATP 0.530 0.160 <.01
Table III. Multivariate analysis for ATP (additional variables were added to the model as appropriate)
End-ischemia ATP level Fifteen-minute reperfusion ATP
Variable Coefficient SE P value Coefficient SE P value
Age 0.017 0.148 .9 0.037 0.133 .8
Preoperative saturation 0.070 0.187 .7 0.274 0.169 .1
Preoperative EF 0.217 0.159 .2 0.091 0.141 .5
Baseline ATP 0.551 0.219 .01 0.220 0.20 .3
Fifteen-minute ischemia ATP 0.116 0.205 .6 0.033 0.165 .8
Myocardial ischemic time 0.106 0.150 .5 0.043 0.116 .7
End-ischemia ATP 0.471 0.147 <.01
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cyanosis, reaching a further 23% reduction as com-
pared with an actual recovery (restoration) of 18% of
ATP level with 15 minutes of reperfusion in the hearts
of children who were acyanotic. This represents a sig-
nificant and potentially detrimental response of cyanot-
ic hearts even at reperfusion. Because of inaccessibili-
ty to myocardial sampling after the 15 minutes of
reperfusion, this study protocol did not follow the
metabolic recovery of these hearts after the initial 15
minutes of reperfusion. Del Nido and colleagues20
examined adenine nucleotides up to 30 minutes of
reperfusion in children with TOF and adults with coro-
nary artery disease. They concluded children had a
greater reduction in ATP levels during ischemia and
further loss with 30 minutes of reperfusion when com-
pared with adults. This study did not take into account
the presence of different pathologic features (TOF and
coronary artery disease) or the possible presence of
cyanosis in the children with TOF. However, when
taken together with the current study, it does allude to
the possible detrimental effects of cyanosis in children,
which persists during reperfusion. 
Clinical outcomes examined among the three groups
indicated evidence of prolonged inotropic and ventila-
tory support and prolonged ICU and hospital stay in
children with severe cyanosis. The effect of cyanosis on
clinical outcome was clearly evident in group III (satu-
ration, 65%-79%), although group II (saturation, 80%-
89%) behaved closer to the acyanotic group (satura-
tion, 90%-100%). The extended length of inotropic
support is an indication of compromised ventricular
function. Previous reports have linked the metabolic
profile of the myocardium to the function of the ventri-
cle.12 Whether the absolute value of ATP has a direct
correlation with function is controversial. However,
reports have indicated that very low ATP can be detri-
mental to function. Other reasons for prolonged ICU
and hospital stay could relate to the development of
complications, which was evident in this study. Most of
these complications (68%) were cardiac related, which
also reflects the deranged cardiac performance in chil-
dren with cyanosis. Hammon and colleagues12 found
that most children who lost 40% of their preischemic
ATP either died or had low cardiac output syndrome.
These observations reported by Hammon and col-
leagues, together with those of the current study, high-
light the association between underlying metabolic per-
formance and clinical outcome, and this study
illustrates that cyanosis has a negative impact on both.
Fig 4. Ventricular EF in (A) preoperative, (B) intraoperative,
and (C) postoperative assessment in groups I, II, and III.
*Significance versus group I. †Significance versus group II.
A
B
C
Table IV. Details of complications
Group I Group II Group III 
Type of complication (n) (n = 14) (n = 16) (n = 18)
Arrhythmia 2 4 5
Low cardiac output 0 1 2
Infection 1 0 1
Renal failure 0 0 0
Other 0 2 1
Total (%) 3 (21) 7 (43) 9 (50)
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Animal studies have documented deleterious effects of
hypoxia on metabolism1 and function.2 In addition, the
graded effect of cyanosis on ATP and outcome suggests
that cyanosis itself does play a significant role in these
children. 
The controversy in the literature regarding the pres-
ence or absence of a transannular incision that affects
outcome is not yet settled.21,22 It is conceivable that
children with a worse degree of cyanosis will more
likely require a transannular incision during repair
compared with children who are acyanotic because of
increased right ventricular hypertrophy, which itself
may be a marker of complex anatomy. In our children,
the prevalence of transannular incisions, though some-
what higher in group III, was not statistically different
between the groups. 
As with all clinical studies, this study has some
limitations, including the fact that some of the vari-
ables could not be controlled (such as the degree of
ventricular hypertrophy present in these children). It
is difficult to accurately and objectively quantify the
degree of hypertrophy with 2-dimensional echocar-
diography. An assessment of ventricular function by
echocardiography also has some limitations. It is
operator dependent, and there are certain assump-
tions to the formula used to calculate ventricular vol-
umes. However, it is the most commonly used tech-
nique in the evaluation of ventricular function in the
perioperative period. 
The correlation between right ventricular metabolites
and left ventricular function should also be interpreted
with caution. It is an association rather than causation.
A B
C D
Fig 5. Clinical outcome. (A) Duration of inotropic support, (B) duration of ventilatory support, (C) duration of
ICU stay, and (D) duration of hospital stay in groups I, II, and III. *Significance versus group I. †Significance ver-
sus group II.
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Although ideal, left ventricular biopsies impose an
additional risk to the child, which is unacceptable. 
In conclusion, the results of this study have yielded
the following observations: (1) children with severe
cyanosis have compromised preoperative ventricular
function and low ATP levels before ischemia; (2)
ischemia exacerbated the loss of ATP in children who
are severely cyanotic; (3) there was further loss of ATP
with reperfusion in children with cyanosis; (4) postop-
erative clinical outcome and ventricular function were
worse in children with cyanosis; and (5) the effects of
cyanosis on myocardial metabolism was graded in
most of the variables measured.
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Discussion
Dr Bradley S. Allen (Oak Lawn, Ill). This is another in an
excellent series of clinical studies from the University of
Toronto and builds on their previous work in cyanotic infants.
Inadequate myocardial protection is still the most common
cause of postoperative mortality and morbidity in the pedi-
atric population. Immature hearts were initially thought to be
more tolerant to surgical ischemia because only “normal”
pediatric hearts were used in early investigative studies. In
clinical practice, however, most infant hearts are not “nor-
mal” but are subjected to hypoxia or pressure volume over-
load. This may profoundly alter the heart, making it less tol-
erant to surgical ischemia and more dependent on the method
of myocardial protection. This study, along with their previ-
ous work, demonstrates that chronic cyanosis leads to pre-
ischemic ATP depletion, as well as reduced tolerance to sur-
gical ischemia. I have several questions. 
The average age of patients in this study was approximate-
ly 11⁄2 years old. This is therefore a relatively older group of
patients, as many cyanotic infants currently undergo repair at
a much earlier age. Did you see the same reduction in ATP
levels when you examined your younger patients? 
There are numerous preoperative and intraoperative vari-
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ables, such as age, degree of cyanosis, cardiopulmonary
bypass time, and use of a transmural patch, to mention only a
few. Although it appears that ATP levels correlate with the
degree of preoperative cyanosis, did you do a multivariate
analysis to ensure that these other variables were not also
important in predicting ATP levels? 
Aortopulmonary collaterals may be more frequent, espe-
cially in severely cyanotic infants. This may lead to rewarm-
ing of the heart during cardioplegic arrest, especially if high-
er bypass temperatures are used. What bypass temperature
did you use during myocardial arrest? Was it the same in all
groups? Did you notice an increase in aortopulmonary collat-
erals in any of the groups? 
Last, previous studies by your laboratory as well as our lab-
oratory have documented the occurrence of an oxygen-
derived free radical injury with reoxygenation on cardiopul-
monary bypass in cyanotic infants. This results in ATP
depletion and depressed myocardial function recovery, even
in the absence of surgical ischemia. Furthermore, we demon-
strated that this reoxygenation injury could be avoided by
using lower initial oxygen levels or a leukodepleting filter.
What was the oxygen concentration of your bypass circuit
and was it the same in all patients? If it varied, did you notice
any change in the ATP levels with different bypass oxygen
levels, and do you have any experience with different oxygen
levels or leukodepleting filters?
I want to again commend you on an excellent study. It is
investigations such as these in the clinical setting that have
helped convince us that the pediatric heart is probably more
vulnerable to surgical ischemia, and therefore more depen-
dent on the method of myocardial protection. 
Dr Najm. With regard to the average age of our patients, it
is true that our patients actually have an average age in this
cohort of approximately 14 to 18 months. We have substrati-
fied the patients in terms of age to see whether there was an
age effect or a maturation effect on the adenine nucleotides.
Unfortunately, when we looked below 6 months of age we
had only 10 patients, leaving only 38 other patients above that
age, which would not be a meaningful analysis (10 vs 38).
Certainly because of this age distribution we may not see a
maturational effect. One would presume that most of the mat-
uration occurs in the first month or 2 after birth, and maybe
what you see subsequently is not related to maturation. 
I am sure that probably everyone in the audience would ask
why we divided the saturation into three categories as op-
posed to how you use it as a continuous variable. We did that
purposely for more than one reason. 
The first reason is that linear regression by itself does not
detect threshold effect, so we wanted to divide them and see
whether there is actually a threshold effect, and indeed we
saw that with the reperfusion ATP levels. 
The second reason is that we wanted to see how the
patients (who were in the middle or the mildly cyanotic
group [between 80% and 90%] and who obviously would
have fluctuating saturations sometimes, probably going up to
90% and coming down to 85% or 80%) would behave? It
was intriguing that metabolically these patients behave, as
we saw, in a graded effect. So they sit actually in between the
two groups. But clinically they behave more like patients
who are acyanotic. So they had very similar values of
inotropic support and length of stay in the hospital like the
acyanotic group. For that reason, we kept the saturations
divided into three groups so that we could actually see and
tease out all these different effects of cyanosis on the out-
come of interest. 
With respect to the transannular patch and whether we did
a multivariate analysis: Because of the absence of death, we
are basically stuck with soft outcome variables, which are the
length of inotropic support, the ventilation, and all the other
parameters. We performed multivariate analysis on them,
individually having them as a dependent variable, putting in
the equation saturation, age, sex, and the presence of transan-
nular patch. Invariably, we found saturations to predict each
one of these variables separately, independent of the other
confounding variables. 
With respect to your question on oxygen-derived free rad-
ical, we are well aware of your outstanding work in this
field, and we do believe that there is a place for lowering
PO2 on bypass. We have certainly not done that purposely.
As you have seen from our PO2 on CPB, we are running the
PO2 around 200 mm Hg, as opposed to many years ago
when we used to go up to 400 mm Hg. Now, we feel slight-
ly uncomfortable at this stage lowering the PO2 further,
lower than that, to try and avoid oxygen-derived free radical
injury. Certainly work such as what you have done, and the
addition of a leukocyte filter, would probably expand to our
knowledge in this field where we could actually be com-
fortable with lowering our PO2 to 100 mm Hg or probably
even to the preoperative level until the patient’s condition is
repaired. 
